Background--Pleckstrin homology-like domain family A, member 3 (PHLDA3), a crucial member of the PHLDA family, is involved in tumor suppression, kidney injury, liver injury, and glucose metabolism. However, the role of PHLDA3 in pathological cardiac hypertrophy and heart failure remains unclear.
Pathological cardiac hypertrophy is one of the most important pathological mechanisms of heart failure, which involves the transition from compensated hypertrophy to decompensated hypertrophy induced by prolonged stimulation. 2, 3 Over the past few decades, multitudinous orchestrated signaling pathways, such as the mitogen-activated protein kinase (MAPK) signaling pathway and the phosphatidylinositol 3-kinase/ AKT/glycogen synthase kinase-3b signaling pathway, have been implicated in the hypertrophic process. [4] [5] [6] However, the molecular mechanisms underlying the occurrence and development of pathological cardiac hypertrophy remain to be further elucidated. Moreover, a deeper comprehension of the mechanisms and pathogenesis may identify potential intervention targets of pathological cardiac hypertrophy and heart failure.
Pleckstrin homology-like domain family A, member 3 (PHLDA3), located on mouse chromosome 1 and human chromosome 1q31, 7 encodes a 127 amino acid protein with a pleckstrin homology-only domain and belongs to the PHLDA family, which shares a common PH domain. 8 PHLDA3 is expressed ubiquitously in multiple fetal and adult tissues, including the heart. 7, 9, 10 As an apoptosis inducer, PHLDA3 both induces caspase-dependent apoptosis and contributes to p53-dependent apoptosis. 8 Based on the characteristics of its tumorigenesis-related cell behaviors, PHLDA3 was reported to be associated with multiple tumors, such as lung endocrine tumors, 8 pancreatic neuroendocrine tumors, 11 primary breast cancers, 12 and prostate carcinomas. 13 Moreover, several studies have demonstrated that PHLDA3 is involved in the regulation of acute kidney injury 14, 15 and liver injury 16 induced by cisplatin and tunicamycin, respectively. PHLDA3 deficiency results in islet hyperplasia, enhanced insulin secretion, and improved glucose tolerance, 11 and improving abnormal glucose metabolism can improve the prognosis of cardiovascular diseases, 17 which indicates that PHLDA3 may be involved in pathological cardiac hypertrophy and heart failure. However, the role of PHLDA3 in pathological cardiac hypertrophy and heart failure remains unknown.
In the present study, decreased PHLDA3 expression was observed in mice after aortic banding (AB) and in cardiomyocytes following Ang II stimuli. Next, the antihypertrophic effect of PHLDA3 was examined in an in vitro study. Similar results were also demonstrated in an in vivo study. Cardiomyocyte-specific knockout of PHLDA3 accelerated pressure overload-induced pathological cardiac hypertrophy, fibrosis, and dysfunction, whereas the AB-induced hypertrophic response was alleviated in cardiomyocyte-specific PHLDA3-overexpressing mice. Mechanistically, we discovered that PHLDA3 played an ameliorative role in pathological cardiac hypertrophy by inhibiting the AKT signaling pathway. Indeed, blockage of AKT activity reversed the deleterious PHLDA3 deficiency-induced phenotype of cardiac hypertrophy in vivo and in vitro. Altogether, our data suggest for the first time that PHLDA3 is a novel negative modulator of pathological cardiac hypertrophy and subsequent heart failure, mainly via its inhibition of the AKT signaling pathway.
Materials and Methods
The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure, on request.
Reagents
Antibodies against MEK1/2 (9122, 1:1000 dilution), p-MEK1/ 2 Ser217/221 (9154, 1:1000 dilution), ERK1/2 (4695, 1:1000 dilution), p-ERK1/2 Thr202/Tyr204 (4370, 1:1000 dilution), JNK1/ 2 (9252, 1:1000 dilution), p-JNK1/2 Thr183/Tyr185 (4668, 1:1000 dilution), P38 (9212, 1:1000 dilution), p-P38 Thr180/Tyr182 (4511, 1:1000 dilution), AKT (4691, 1:1000 dilution), p-AKT Ser473 (4060, 1:1000 dilution), mTOR (2983, 1:1000 dilution), p-mTOR Ser2448 (2971, 1:1000 dilution), GSK3b (9315, 1:1000 dilution), p-GSK3b Ser9 (9322, 1:1000 dilution), P70S6 kinase (2708, 1:1000 dilution), p-P70S6 kinase Ser371 (9208, 1:1000 dilution), PHLDA3 (4294, 1:500 dilution), and GAPDH (2118, 1:1000 dilution) were purchased from Cell Signaling Technology. The antibody against atrial natriuretic peptide (sc20158, 1:200 dilution) was purchased from Santa Cruz Biotechnology. Peroxidase-conjugated secondary antibodies (1:10 000 dilution) were purchased from Jackson ImmunoResearch Laboratories for visualization. The BCA protein assay kit was purchased from Pierce. Fetal bovine serum was purchased from Gibco (10099141). The cell culture reagents and other reagents were purchased from Sigma.
Cultured Neonatal Rat Cardiomyocytes and Infection With Recombinant Adenoviral Vectors
Primary neonatal rat cardiomyocytes (NRCMs) were isolated from the hearts of 1-to 2-day-old Sprague-Dawley rats as previously described. 2, [18] [19] [20] The NRCMs were seeded at a density of 2910 5 cells per well onto 6-well culture plates coated with gelatin. Then, the cells were cultured in plating medium consisting of DMEM/F12 (C11330, Gibco) medium supplemented with 10% fetal bovine serum, BrdU (0.1 mmol/ L, to inhibit the proliferation of fibroblasts) and penicillin/ streptomycin. After 48 hours, the cells were maintained in serum-free DMEM/F12 for 12 hours before stimulation with 1 lmol/L Ang II or PBS for another 24 or 48 hours. To silence PHLDA3 expression, an adenovirus harboring PHLDA3 short hairpin RNA (shPHLDA3) was constructed. AdshRNA was used as a control. To overexpress PHLDA3, cDNA containing the entire coding region of human PHLDA3 under the control of the cytomegalovirus promoter was inserted into replicationdefective adenoviral vectors (AdPHLDA3). Meanwhile, an adenoviral vector encoding the green fluorescent protein (AdGFP) gene served as a control. The NRCMs were infected with the indicated adenovirus as described above at a multiplicity of infection of 100 for 24 hours before use in
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• This study broadens our understanding of the molecular mechanisms of cardiac hypertrophy and suggests a novel therapeutic target for pathological cardiac hypertrophy and heart failure. subsequent experiments. For AKT inhibitor experiment, after 48 hours of cultivation, the cells were serum-deprived for another 12 hours and then treated with Ang II and/or the AKT inhibitor MK-2206 (Selleckchem, S1078, 1 lmol/L).
Immunofluorescence Analysis
To assess the cell surface area of NRCMs, immunofluorescence staining was performed. After the abovementioned treatments, the NRCMs were fixed in 3.7% formaldehyde, permeabilized with 0.2% Triton X-100 in PBS, and incubated with a primary antibody against a-actinin (05-384 Merck Millipore, 1:100 dilution) following standard immunofluorescence staining techniques. The cell sizes were analyzed and measured by Image-Pro Plus 6.0 software.
Animals
All animal protocols were reviewed and approved by the Animal Care and Use Committee of First Hospital of Jilin University.
Generation of cardiac-specific PHLDA3 knockout mice
PHLDA3 loxP/loxP (PHLDA3-Flox) mice were generated using the CRISPR/Cas9 system to insert 2 LoxP sequences flanking the first exon of PHLDA3. Two single-guide RNAs targeting 2 locations of PHLDA3 were designed using an online CRISPR design tool (http:// tools.genome-engineering.org). The donor plasmid containing exon 1 flanked by 2 loxP sites and the 2 homologous arms were used as the template to repair the double-strand breaks generated by homologous recombination. One-cell-stage embryos were created from zygotes injected with the donor vector, sgRNA1 & sgRNA2 and Cas9 mRNAs. Homozygous PHLDA3-Flox mice were established by the obtained mice with exon 1 flanked by 2 loxP sites on one allele. Then, the PHLDA3 loxP/loxP mice were crossed with ɑ-MHC-MerCreMer (Jackson Laboratory, stock No. 005650) transgenic mice to produce PHLDA3 loxP/loxP /a-MHC-MCM mice. The cardiomyocyte-specific conditional PHLDA3 knockout (PHLDA3-CKO) mice were induced by injecting 6-week-old PHLDA3 loxP/loxP /a-MHC-MCM mice with tamoxifen (Sigma-Aldrich, T5648, 25 mg/kg per day) for 5 consecutive days. The a-MHC-MCM mice and PHLDA3-Flox mice were also treated with an equal dose of tamoxifen as controls.
Generation of cardiac-specific PHLDA3 transgenic mice
To generate conditional PHLDA3 transgenic (TG) mice, CAG-loxP-CAT-loxP-PHLDA3 constructs were generated and microinjected into fertilized C57BL/6 embryos. To identify the obtained mice, we used polymerase chain reaction (PCR) to analyze tail genomic DNA. The primers used for identification are as follows: 5 0 -CATGTCTGGATCGATCCCCG-3 0 and 5 0 -TTAGGACA-CAAGGGTCCCAG-3 0 . The CAG-loxP-CAT-loxP-PHLDA3-TG mice were then breed with a-MHC-MCM mice to generate CAG-CAT-PHLDA3/a-MHC-MCM mice. To generate cardiac-specific PHLDA3-overexpressing mice, 6-week-old CAG-CAT-PHLDA3/ a-MHC-MCM mice were intraperitoneally injected with tamoxifen for 5 consecutive days. Mice with cardiomyocyte-specific PHLDA3 overexpression were designated PHLDA3-TG mice. The a-MHC-MCM mice that underwent the same treatment with tamoxifen served as non-transgenic (NTG) controls.
Mouse Grouping
Mouse models were divided into 10 groups: ɑ-MHC-MCM sham (n=13), PHLDA3-Flox sham (n=12), PHLDA3-CKO sham (n=12), ɑ-MHC-MCM AB (n=14), PHLDA3-Flox AB (n=14), PHLDA3-CKO AB (n=13), NTG sham (n=12), TG sham (n=13), NTG AB (n=13), TG AB (n=13).
Aortic Banding in Animals
The models of pressure overload-induced cardiac hypertrophy were generated by using aortic banding (AB), as previously described. 2, [18] [19] [20] Male mice aged 8 to 10 weeks (weighing 24-27 g) were subjected to an AB procedure. Briefly, after anesthetization with sodium pentobarbital via an intraperitoneal injection and confirmation of the lack of a toe pinch reflex, the left chest of each mouse was opened to visualize the thoracic aorta at the second intercostal space. AB was achieved by ligating the thoracic aorta against a 26/27-gauge needle with a 7-0 silk suture. After ligation, the needle was removed swiftly before closing the thoracic cavity. Then, Doppler analysis was used to ensure that the aorta was constricted. The sham-operated mice were subjected to a similar procedure without aortic constriction.
Exercise Protocols
To induce physiological cardiac hypertrophy and remodeling, the mice were subjected to swimming training in accordance to the protocol described. 21 In brief, during the first 8 days, forced swimming was performed in 8-to 10-week old mice for 10 minutes twice per day, with an increment of 10 minutes each day until 2 sessions of 90 minutes were achieved on the ninth day. Thereafter, all training mice swam for 14 additional days (22 days total) by 2 daily swimming sessions of 90 minutes. During swimming, the mice were continuously monitored to avoid submerging under the water surface and to ensure equal exertion. On the 23rd day, mice were euthanized for further analyses.
at the indicated time point using a Mylab 30CV machine (ESAOTE) with a 15-MHz transducer. To measure the left ventricular (LV) end-diastolic diameter (LVEDd) and LV endsystolic diameter (LVESd), the LV was imaged in M-mode with a sweep speed of 50 mm/s at the level of the midpapillary muscle. The LV fractional shortening (LVFS) was calculated with the formula: (LVEDdÀLVESd)/ LVEDd9100.
Histological Analyses
Hearts were harvested and then arrested in diastole with 10% potassium chloride solution. Then, the hearts were fixed in 10% formalin, dehydrated and embedded in paraffin. Subsequently, 5-lm-thick sections of the hearts were obtained from the midpapillary muscle level and stained with hematoxylin and eosin and picrosirius red to assess the histopathology and collagen deposition. Images of cardiomyocytes and collagen deposition were captured by microscopy to measure the cross-sectional area of cardiomyocytes and collagen volume using a quantitative digital analysis imaging system (Image-Pro Plus 6.0).
Real-Time PCR and Western Blotting
For real-time PCR, total mRNA from cultured primary NRCMs or frozen mouse ventricular tissues was extracted using TRIzol reagent (15596-026, Invitrogen). Then, the RNA samples were reverse-transcribed into cDNA by using the Transcriptor First Strand cDNA Synthesis Kit (04896866001, Roche). To avoid DNA contamination effectively, the primer design of Real-Time PCR was to cross the exons. Real-time PCR was used by applying SYBR Green (04887352001, Roche), and the results were normalized to the corresponding GAPDH gene expression level. For Western blotting, total proteins from the NRCMs or the left ventricular tissues were first lysed in RIPA lysis buffer (720 lL of RIPA, 20 lL of phenylmethyl sulfonyl fluoride, 100 lL of complete protease inhibitor cocktail, 100 lL of Phos-stop, 50 lL of NaF, and 10 lL of Na 3 VO 4 ), and the protein concentrations were measured with a BCA protein assay kit (Pierce). Protein (50 lg) was separated by SDS-PAGE (Invitrogen) and transferred to a polyvinylidene difluoride membrane (Millipore). After blocking with 5% non-fat milk at room temperature for 1 hour, the membranes were incubated with different primary antibodies at 4°C overnight. After incubation with peroxidase-conjugated secondary antibodies at room temperature for 1 hour, the membranes were reacted with ECL reagents before visualization using the Bio-Rad ChemiDoc XRS + system. The expression levels of specific proteins were normalized to the corresponding GAPDH expression level.
In Vivo Inhibition Experiment With LY294002
LY294002, a PI3K/AKT inhibitor, was purchased from Sigma (L9908) and dissolved in dimethyl sulfoxide (DMSO). Then, the mixture was administered by intraperitoneal injection at a dose of 50 mg/kg daily for 4 weeks following AB. The control group was given an equal volume of DMSO without LY294002.
Statistical Analysis
Statistical analyses were performed using the SPSS software for Windows (version 21.0, IBM Corp.). The Shapiro-Wilk test was applied for normality and the data of each group were in normal distribution. The Levene Test was used for the test for homogeneity of variance. The 2-tailed Student t test was used to analyze the differences between 2 groups, whereas one-way ANOVA was applied for multiple comparisons with Bonferroni post hoc analysis for data meeting homogeneity of variance or with Tamhane T2 analysis for data of heteroscedasticity. The results are presented as the meanAESD. P <0.05 was considered to be significant.
Results

PHLDA3 Expression is Decreased in Hypertrophic Hearts and Cardiomyocytes
To investigate the potential role of PHLDA3 in the progression of pathological cardiac hypertrophy and heart failure, we first measured the expression levels of PHLDA3 in hypertrophic mouse hearts by Western blotting. The results showed that PHLDA3 protein expression levels were progressively decreased in mice at 4 and 8 weeks after aortic banding (AB) compared with those in mice after the sham operation, accompanied by increased levels of atrial natriuretic peptide, a hypertrophic marker ( Figure 1A ). Consistently, similar trends in PHLDA3 levels were also confirmed in neonatal rat cardiomyocytes (NRCMs) stimulated with angiotensin II (Ang II) for 24 and 48 hours when compared with PBS-treated groups ( Figure 1B ). Taken together, these findings suggest that PHLDA3 may be involved in the development of pathological cardiac hypertrophy and heart failure.
PHLDA3 Inhibits Ang II-Induced Cardiomyocyte Hypertrophy In Vitro
To validate this hypothesis, gain-and loss-of-function studies were performed in cardiomyocytes by infecting NRCMs with adenovirus harboring PHLDA3 short hairpin RNA (AdshPHLDA3), AdshRNA, PHLDA3 cDNA (AdPHLDA3), and AdGFP (Figure 2A ). Subsequently, the cells were exposed to either Ang II (1 lmol/L) or PBS for 48 hours and immunostained with a-actinin to determine the cell surface area. The results showed that there were no significant changes in cardiomyocyte morphology or cell surface area among PBS-treated NRCMs ( Figure 2B through 2D). However, in response to Ang II stimulation, the cross-sectional areas were significantly augmented in the AdshPHLDA3 groups compared with the AdshRNA groups but remarkably reduced in the AdPHLDA3 groups compared with the AdGFP groups ( Figure 2B through 2D). Next, hypertrophic hallmarks, such as Anp and Myh7, were determined by real-time polymerase chain reaction. In accordance with the variation tendency of cell surface area, these hypertrophic markers were markedly increased in the AdshPHLDA3 groups after Ang II treatment, whereas they were markedly suppressed in the AdPHLDA3 groups compared with their controls (Figure 2E and 2F). Thus, these in vitro data implicate PHLDA3 as a negative regulator of Ang II-induced cardiomyocyte hypertrophy.
Cardiomyocyte-Specific Knockout of PHLDA3 Aggravates Pressure Overload-Induced Pathological Cardiac Hypertrophy
Given that the development and mechanism of pressure overload-induced pathological cardiac hypertrophy in vivo are more complicated than those of Ang II-induced cardiomyocyte hypertrophy in vitro, we next sought to use a tamoxifeninducible a-MHC-Cre system to generate cardiomyocytespecific conditional PHLDA3 knockout mice (PHLDA3-CKO) to verify the results in vitro. The absence of PHLDA3 in the mouse hearts was confirmed by Western blotting (Figure 3A and 3B). Notably, compared with the ɑ-MHC-MCM or PHLDA3-Flox control groups, the PHLDA3-CKO mice were normal and fertile and had no apparent abnormalities in cardiac morphology and function at baseline ( Figure 3C through 3J). These mice subsequently underwent AB or sham surgery and were evaluated after 4 weeks. As expected, the results showed that the hallmarks of the hypertrophic response, the ratios of heart weight/body weight (HW/BW), lung weight/BW (LW/BW) and HW/tibia length (HW/TL), were significantly increased compared with those in the sham group ( Figure 3C through 3E) . Notably, these hypertrophic indices were further increased in PHLDA3-CKO mice compared with the a-MHC-MCM or PHLDA3-Flox mice after AB surgery ( Figure 3C through 3E ). Histopathologically, a thicker ventricular wall and greater cardiomyocyte cross-sectional area were observed in PHLDA3-CKO mice than in control mice after AB, as shown via hematoxylin and eosin staining ( Figure 3F and 3G). In line with the gross pathological results, echocardiography measurements indicated that cardiac hypertrophy and function were worse in the PHLDA3-CKO mice than in the controls, as evidenced by a larger left ventricular end-diastolic diameter (LVEDd), left ventricular end-systolic diameter (LVESd), left ventricular posterior wall thickness at end diastole (LVPWd) and left ventricular posterior wall thickness at end systole (LVPWs) but a lower fractional shortening (FS%) ( Figure 3H through 3J, Figure S1A through S1C). Furthermore, picrosirius red staining revealed that cardiac fibrosis induced by AB, including perivascular and interstitial fibrosis, was more severe in PHLDA3-CKO mice than in controls ( Figure 3K and 3L) . Consistently, the expression levels of hypertrophic and fibrotic markers, including Anp, brain natriuretic peptide (Bnp), myosin heavy chain 7 (Myh7), collagen Ia, collagen III, and connective tissue growth factor (Ctgf), were dramatically elevated in the PHLDA3-CKO mice compared with the controls (Figure 3M  and 3N ). Overall, these data illustrate that the absence of PHLDA3 in the heart exacerbated pressure overload-induced cardiac hypertrophy and fibrosis.
Besides, we also detected the role of PHLDA3 on physiological cardiac hypertrophy induced by exercise training. The results showed that the ratio of HW/BW and the cardiomyocyte cross-sectional area were remarkably increased in the exercise group compared with sedentary controls without fibrosis ( Figure S2 ). However, the PHLDA3 deficiency has no significant regulatory effect on physiological myocardial hypertrophy ( Figure S2) . Therefore, our present study focused on the effect of PHLDA3 on pathological cardiac hypertrophy.
Overexpression of PHLDA3 Mitigates AB-Induced Cardiac Remodeling
To further confirm the ameliorative effect of PHLDA3 on the development of pathological cardiac hypertrophy in vivo, cardiomyocyte-specific PHLDA3-overexpressing transgenic mice (PHLDA3-TG) were generated, and 4 independent lines of PHLDA3-TG mice were established and verified by Western blotting (Figure 4A and 4B) . At baseline, PHLDA3-TG mice exhibited no apparent morphological or pathological cardiac abnormalities ( Figure 4C through 4J) . Predictably, cardiomyocyte-specific PHLDA3 overexpression displayed a notable alleviation of cardiac hypertrophy compared with the non-transgenic (NTG) controls at 4 weeks after AB operation, as indicated by a reduction in the HW/BW, LW/BW and HW/TL ratios ( Figure 4C through 4E) . Similarly, hematoxylin and eosin staining revealed that the ventricular crosssectional area was decreased in AB-induced PHLDA3-TG mice compared with the NTG controls ( Figure 4F and 4G ). Echocardiographic analysis also showed ameliorated cardiac hypertrophy and improved cardiac function in PHLDA3-TG mice ( Figure 4H through 4J, Figures S1D through S1F and S3). In addition, the PHLDA3 transgene repressed the development of cardiac fibrosis in both interstitial and perivascular regions ( Figure 4K and 4L) . Correspondingly, the mRNA levels of cardiac fetal genes and fibrotic markers were markedly decreased in the PHLDA3-TG mice compared with NTG mice (Figure 4M and 4N ). To evaluate whether PHLDA3 still has protective effects on intermediate and advanced heart failure, we performed AB and Sham surgery for 8 weeks on PHLDA3-TG mice and the controls. The results showed that PHLDA3 overexpression significantly ameliorated cardiac hypertrophy ( Figure S4A through S4E), cardiac dysfunction ( Figure S4F through S4I) , and cardiac fibrosis ( Figure S4J and S4K) induced by AB after 8 weeks. Collectively, these results demonstrate that PHLDA3 overexpression attenuates the development of pathological cardiac hypertrophy and heart failure induced by pressure overload.
PHLDA3 Mediates Cardiac Hypertrophy via Inhibition of the AKT Signaling Pathway
To explore the underlying mechanisms by which PHLDA3 exerts an antihypertrophic effect, we first determined the expression level of the mitogen-activated protein kinases (MAPKs), including MAPK/ERK kinase (MEK) 1/2, extracellular-signal-regulated kinase (ERK) 1/2, c-Jun N-terminal kinase (JNK) 1/2 and P38, which have been proven to be well-accepted, vital players in the progression of pathological cardiac hypertrophy. As shown in Figure 5A and 5B, the members of MAPKs were significantly phosphorylated in AB mice, as expected, compared with the sham controls. However, the phosphorylation of MAPKs in response to pressure overload remained unaltered by both the deficiency and the overexpression of PHLDA3 compared with that in controls. These results unexpectedly showed that the involvement of PHLDA3 in cardiac hypertrophy was independent of the MAPK pathway, which indicates that there are other mechanisms responsible for PHLDA3-regulated hypertrophic responses. Given the critical role of the AKT pathway in the process of cardiac hypertrophy, we next explored the expression level of AKT signaling components. The results showed that the phosphorylation of AKT, mammalian target of rapamycin (mTOR), glycogen synthase kinase 3b (GSK3b) and ribosomal protein S6 kinase beta-1 (P70S6K) was significantly higher in PHLDA3-CKO mice than in PHLDA3-Flox mice, while PHLDA3 overexpression inhibited the phosphorylation of those proteins in AKT signaling compared with that in NTG controls in response to the induction of hypertrophy ( Figure 5C and 5D ). To further confirm these findings in vivo, in vitro NRCMs were infected with adenoviruses as mentioned above and treated with Ang II. Consistent with the in vivo studies, Western blot analysis demonstrated a significant rise in AKT and the phosphorylation of its downstream kinase in the AdshPHLDA3 groups and a remarkable reduction in the AdPHLDA3 groups when compared with the respective control groups (Figure 5E and 5F) . Altogether, these results indicate that PHLDA3 may exert its antihypertrophic effect via negative regulation of the AKT-mTOR-GSK3b-P70S6K signaling pathway.
Inhibition of AKT Signaling Reverses the Hypertrophic Phenotype In Vivo and In Vitro
The aforementioned evidence indicated that PHLDA3 attenuates pathological cardiac hypertrophy by inhibiting AKT signaling in the presence of pressure overload and Ang II stimuli. To further determine whether inactivation of AKT could rescue the abnormalities in PHLDA3-CKO mice, we treated PHLDA3-CKO mice and PHLDA3-Flox mice with the PI3K/AKT inhibitor LY294002 or DMSO solution for 4 weeks after AB. As expected, Western blotting revealed that the pressure overload-induced level of AKT phosphorylation was almost completely abrogated in the PI3K/AKTI-treated mice compared with DMSO-treated mice ( Figure 6A ). PI3K/AKTI treatment remarkably reversed the AB-induced detrimental hypertrophy phenotype, including cardiac and cardiomyocyte hypertrophy, cardiac insufficiency, and cardiac fibrosis in both PHLDA3-CKO and PHLDA3-Flox mice compared with DMSO treatment (Figure 6B through 6K) . More importantly, the PI3K/AKT inhibitor LY294002 eliminated the difference between the PHLDA3-CKO and PHLDA3-Flox mice subjected to AB (Figure 6B through 6K) . Besides, AKT inhibitor MK-2206 was used to conduct in vitro experiments. The results showed that MK-2206 remarkably reversed the Ang II-induced cardiomyocyte Figure S5 ). In summary, these data demonstrate that pharmacological inhibition of AKT rescues the hypertrophic phenotype in vivo and in vitro.
Discussion
Once pathological cardiac hypertrophy progresses into heart failure, the prognosis is often poor, even with the most advanced drug treatment. Therefore, it is of great importance to explore therapeutic targets that can effectively postpone or even reverse the progression of pathological cardiac hypertrophy. Because pathological cardiac hypertrophy is characterized by enlarged cardiomyocytes, interstitial fibrosis and re-expression of fetal gene programs, 22, 23 we assessed the role of PHLDA3 in pathological cardiac hypertrophy at gross cardiac, cellular and molecular levels, respectively. The results consistently showed that cardiomyocyte-specific loss of PHLDA3 promoted the cardiomyocyte hypertrophic response, whereas cardiac-specific overexpression of PHLDA3 significantly protected against these maladaptive pathological consequences by using gain and loss-of-function approaches in vitro and in vivo. Different degrees of interstitial fibrosis occurred in Figure 5 . PHLDA3 inhibits the activation of AKT signaling induced by prohypertrophic stimuli. A and B, Representative Western blots and quantitative analysis of phosphorylated and total MEK1/2, ERK1/2, JNK1/2 and P38 levels in PHLDA3-Flox and PHLDA3-CKO mice (A) or transgenic and non-transgenic mice (B) at 4 weeks after sham or aortic banding surgery (n=4 mice per group; n.s. means no significant difference vs PHLDA3-Flox aortic banding or non-transgenic mice aortic banding). C and D, Representative Western blots and quantitative analysis of phosphorylated and total AKT, mTOR, GSK3b, and P70S6K levels in PHLDA3-Flox and PHLDA3-CKO mice (C) or transgenic and non-transgenic mice (D) at 4 weeks after sham or aortic banding surgery (n=4 mice per group; **P<0.01 vs PHLDA3-Flox aortic banding or non-transgenic mice aortic banding). E and F, Representative Western blots and quantitative analysis of phosphorylated and total AKT, mTOR, GSK3b, and P70S6K levels in neonatal rat cardiomyocytes infected with AdshRNA and AdshPHLDA3 (E) or AdGFP and AdPHLDA3 (F) and treated with PBS or Ang II (n=3 independent experiments; **P<0.01 vs AdshRNA+Ang II or AdGFP+Ang II). By 
. AB indicates aortic banding; AdGFP, adenoviral green fluorescent protein; AdPHLDA3, adenoviral vectors containing the PHLDA3 cDNA; AdshPHLDA3, adenoviral vectors harboring the PHLDA3 short hairpin RNA; AdshRNA, adenoviral short hairpin RNA; Ang II, angiotensin II; CKO, cardiomyocyte-specific conditional PHLDA3 knockout mice; ERK, extracellular regulated protein kinase; Flox, PHLDA3 loxP/loxP (PHLDA3-Flox) mice; GSK3b, glycogen synthase kinase 3b; JNK, c-Jun N-terminal kinase; MEK, MAPK/ERK kinase; mTOR, mammalian target of rapamycin; NTG, non-transgenic mice; p38, protein 38; P70S6K, ribosomal protein S6 kinase beta-1; PHLDA3, pleckstrin homology-like domain family A, member 3; TG, conditional PHLDA3 transgenic mice. PHLDA3 CKO mice and PHLDA3 TG mice induced by pressure overload, which may be because of the effect of cardiomyocytes on fibroblasts partly through paracrine CTGF and other factors. Further analyses of the mechanisms revealed that the beneficial effect of PHLDA3 on cardiac hypertrophy was mainly dependent on blockade of the AKT signaling pathway. In addition, PHLDA3 protein expression was downregulated in hypertrophied mouse hearts and Ang II-treated cardiomyocytes. Collectively, these results indicated that PHLDA3 plays a vital role in the development of pathological cardiac hypertrophy and heart failure. PHLDA3 was originally identified as a p53-inducible protein under stressed conditions 24, 25 with 2 p53 binding motifs in its promoter and a PH domain that competes with AKT. 8 Previous study revealed that ablation of endogenous PHLDA3 results in enhanced AKT activity. 8 However, the phosphorylation level of AKT did not change under the sham-or PBS-treated basal state. Only in the AB or Ang II stimulation, down-regulation or up-regulation of PHLDA3, respectively promoted or inhibited AKT phosphorylation in vivo and in vitro. Therefore, in our study, the regulation of AKT by PHLDA3 in the pathological cardiac hypertrophy may be stress-dependent. Moreover, many studies have found that PHLDA3, as a tumor suppressor such as p53, is associated with a variety of tumors, particularly neuroendocrine tumors. 8, [11] [12] [13] 26 Decreased expression of PHLDA3 is correlated with tumorigenesis, disease progression and poor prognosis, 8, [11] [12] [13] 26 and the decrease in PHLDA3 expression may be because of the high frequency of loss of heterozygosity at the PHLDA3 gene locus and methylation of the PHLDA3 promoter. 11 Furthermore, PHLDA3 not only promoted P53-mediated renal tubular cell death but also increased its transcript and protein levels after cisplatin treatment. 14, 15 In the present study, contrary to atrial natriuretic peptide expression, the expression of PHLDA3 was decreased in a time-dependent manner after AB or Ang II treatment, indicating that PHLDA3 serves as a potential biomarker of pathological cardiac hypertrophy in response to hypertrophic stimuli. In addition, PHLDA3 could regulate glucose metabolism, 11 impede somatic cell reprogramming, 27 impair the specification of hemangioblasts and vascular development, 28 and facilitate hepatocyte death induced by endoplasmic reticulum stress. 16 However, the effect of PHLDA3 in cardiovascular diseases remains unclear. In the present study, PHLDA3 mitigates pathological cardiac hypertrophy in vitro and in vivo. Hence, our findings uncovered the functional role of PHLDA3 as a negative regulator in pathological cardiac hypertrophy.
PHLDA3 functions as a PH domain-only protein and competes with another PH-domain-containing protein, AKT, for binding to membrane lipids, thereby impeding AKT Figure 6 . Continued translocation to the cellular membrane and its activation. 8 Most of the biological functions of PHLDA3 have been shown to involve inhibiting AKT signaling through its PH domain. In the present study, as expected, the protective role of PHLDA3 in pathological cardiac hypertrophy induced by chronic pressure overload was still exerted by suppressing the AKT-mTOR-GSK3b-P70S6K signaling pathway. It is well known that the AKT signaling pathway plays an important role in cardiac hypertrophy, including both physiological cardiac hypertrophy and pathological cardiac hypertrophy. 23, 29, 30 Multiple studies have demonstrated that short-term activation of AKT initially promotes physiological hypertrophy, 31 whereas long-term activation causes pathological hypertrophy and cardiac dysfunction. 32, 33 Moreover, previous studies have shown that sustained activation of AKT contributes to the transition from compensated cardiac hypertrophy to decompensated cardiac remodeling and heart failure, which involve multiple pathological changes, including alterations in coronary angiogenesis, cell size, and survival. 30, 34 Thus, AKT is a pivotal target molecule that determines the benign and malignant progression of cardiac hypertrophy and the severity of pathological cardiac hypertrophy. As the downstream molecules of AKT, mTOR, and GSK3b, are phosphorylated by the activation of AKT. 35 Although a heart-specific deficiency of mTOR exacerbates pathological cardiac hypertrophy and accelerates the development of heart failure induced by pressure overload, 36 inhibition of mTOR with rapamycin treatment blunts the hypertrophic response in humans and in animal models. [37] [38] [39] Meanwhile, GSK3b is constitutively active under unstimulated conditions, while the activity of GSK3b is restricted by its level of phosphorylation. 40 Previous studies have shown that GSK3b is an endogenous negative regulator of cardiac hypertrophy, 41 and further studies have suggested that inhibition of Ser9 phosphorylation in GSK3b attenuates pressure overload-induced cardiac hypertrophy and heart failure. 42 Additionally, P70S6K, a downstream effector of mTOR, is also decreased in the regulation of cardiac hypertrophy with rapamycin, 37, 38, 43 which indicates that P70S6K is a crucial mediator of hypertrophy downstream of the AKT-mTOR cascade. Therefore, the pivotal role of the AKT-mTOR-GSK3 b-P70S6K signaling pathway in the regulation of pathological cardiac hypertrophy and heart failure is self-evident. Aside from the present study, previous studies from our group and others have confirmed that many molecules act on cardiac remodeling by regulating the AKT signaling pathway. 18, [44] [45] [46] [47] In conclusion, this study first demonstrates that PHLDA3 ameliorates pathological cardiac hypertrophy in vitro and in vivo mainly by inhibiting the AKT signaling pathway. These findings broaden our understanding of the functional roles of PHLDA3 and suggest that PHLDA3 may be a potential therapeutic target for pathological cardiac hypertrophy and heart failure. 
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